The production of whey protein thickeners by drying protein gels to produce instant thickening powders has been previously investigated. The use of native whey proteins as a food thickener, however, has not been studied earlier. In this work, we characterized thermally treated whey protein solutions with improved thickening properties. Viscosity contour maps were constructed to outline the viscosity values at different protein and salt concentrations. Huggins-Kraemer constants revealed that at low ionic strengths, polymerized protein molecules behave as flexible coils, while at higher ionic strengths, molecules appear to be aggregated in a spherical like shape.
INTRODUCTION
The food industry's growing demand for functionally superior and nutritionally beneficial proteins provides an opportunity for increasing the utilization of whey proteins in formulated food products. Whey proteins play an important role in nutrition as a rich and balanced source of amino acids. [1] Moreover, they possess specific physiological actions. [2, 3] Beta-lactoglobulin (β-LG), the main constituent of whey proteins, accounting for about half of the protein in bovine whey isolate [4] is a rich source of cysteine, [5] one of the most essential amino acids.
Whey proteins possess important functional properties, such as emulsification, stabilization, thickening, improved appearance, taste or texture, and binding of fat or water. [6] [7] [8] The ability of whey proteins to perform such functionalities stems from their amphiphilic nature and conformational properties. Improvements in functional properties may be achieved by manipulating protein conformational properties and molecular weight. β-LG undergoes polymerization via disulphide interchange reaction to form a linear polymer when heated at a temperature greater than protein's denaturation temperature. [7, 8] The molecular size of β-LG does not only depend on the extent of chemical bonding, but it also depends on the hydrogen bonding, electrostatic interactions, and hydrophobic interactions.
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Whey proteins have received little attention as food thickeners. [9] The pioneer work that aimed at obtaining whey proteins as an instant viscofying powder is credited to Holst et al., [10] Thomsen, [11] and Elofsson et al. [12] who prepared the powder by heat treatment during homogenization of a whey concentrate at slightly alkaline pH followed by immediate drying.
More recent work has been done by Hudson et al., [13] Resch and Daubert, [14] Resch et al., [15] and Firebaugh [9] obtaining instant thickener powder through derivatization process at acidic pH. The benefit of obtaining instant thickener powder is to avail the use of the thickener powder in applications where heating is not required or recommended.
Economical considerations are in favor of starch-based thickeners as compared with whey protein-based thickeners. The average price of whey protein concentrate in August 2011 was around USD 3000/ton, [16] while the corn starch one was around USD 300/ton. [17] The price of whey protein isolate is even higher. The cost of the derivatized whey protein thickener is expected to be higher than that of native whey proteins as a result of the processes of thermal treatment, gelation, crushing and freeze drying, or spray drying. This additional cost will make the product cost prohibitive as compared with starch-based thickeners.
To avoid the additional cost of gel formation and subsequent drying or derivatization, consumers might consider obtaining thickening properties of whey proteins via simple heating of native proteins to induce in situ thickening in food products during cooking and serving. For this purpose, in this work, we propose the potential use of whey proteins as a thickener in food products by simple thermal treatment, which can take place during product preparation or cooking. Potential food products include soups, hot drinks, and baked confectionaries.
The originality of this work does not lie in an innovative preparation methodology, but in the extensive examination of a wide range of preparation conditions (pH and salt concentration), as well as in the introduction of the concept of viscosity contour maps of whey proteins, in addition to the molecular analysis and characterization of the thickened solutions. This work presents a methodology for controlling the required degree of thickening by manipulating pH and salt concentration.
MATERIALS AND METHODS

Materials
Commercial whey protein isolate (WPI) (BiPRO) prepared by an ion exchange process was kindly supplied from Davisco Food International (LeSueur, MN, USA) and used as received. Powder composition was 94% protein, 5% moisture, and 1% ash, all by weight. Distilled water was used in all the experiments.
Preparation of Protein Solutions
Protein solutions were prepared by dissolving the native protein powder in distilled water by gentle magnetic stirring for 30 min. For each concentration, the pH was adjusted to two values-pH 3 and pH 7-using 0.1 N HCl and 0.1 N NaOH, respectively. Thermal treatment of the protein solutions was carried out by heating at 80
• C for 1 h to denature the protein and to induce chemical and/or physical bonds, then cooling to 6
• C and maintaining at 6
• C for 24 h.
Determination of Gel Point
Gel point was determined using the "tilted test tube method," where the gel point is determined by tilting a test tube containing the solution. In this approach, the gel point is determined as the point where the system stops to flow.
Rotational Viscometry
Steady-shear rotational rheological measurements were conducted on a Canon LV2000 viscometer. In these experiments, samples were placed in temperature-controlled 13-mm diameter test tubes. Spindle L4 was used. The rotational speed ranged from 0.6 to 30 rpm, and viscosity was measured at 30
• C.
Intrinsic Viscometry
Cannon Fenske glass capillary viscometers of 50, 100, and 200 sizes were used for intrinsic viscosity measurements. A cooling-water bath was used to control the temperature at 30
Sodium Dodecyl Sulphonate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Polyacrylamide gel electrophoresis (PAGE) was performed using a Mini-PROTEAN 3 Electrophoresis Cell (BIO-RAD, Hercules, CA, USA). Protein solutions were mixed with 40 volumes of sample buffer (40% glycerol, 8% SDS, and the balance being deionized water). Beta-mercaptoethanol was added (50 μL per 950 μL of sample buffer) when reducing conditions were needed. The mixture was heated for 5 min at 95
• C and then subjected to electrophoresis in 5-15% polyacrylamide gels using the discontinuous system. These gels were then stained with 0.1% Coomassie blue and then destained by deionized water for 2 h. The gels were subsequently immersed in drying solution (containing 20% ethanol and 10% glycerol in deionized water) for 30 min and fixed in drying frames for 24 h. The dry gels were finally scanned and the bands analyzed in terms of molecular weights. ImageJ software (v. 1.44, National Institute of Health, USA) was used in gel analysis. Chromatograms were then constructed using SigmaPlot software (Systat Software Inc.)
RESULTS AND DISCUSSION
Methodology for Thickener Formation
Since our primary target in this work was to study the thickening properties of whey protein solutions, we picked two pH values that are far enough from the isoelectric point to avoid collapse of protein molecules into particulate aggregates. [18] The isoelectric point of β-LG, the main constituent of whey proteins, is ∼5.1. [19] Hence, pH values were chosen to be 3 and 7 to prevent excessive collapse of protein molecules. Previous investigations proved that whey proteins form large aggregates upon thermal treatment at acidic and neutral pH values. [20, 21] Consequently, whey protein solutions at pH 3 and pH 7, at various salt concentrations, were heated at 80
• C to induce aggregation and/or polymerization. Aggregation usually refers to molecular size enlargement via physical interactions while polymerization refers to molecular size enlargement via chemical reactions.
Gel Point at pH 7 and pH 3 at Different Salt Concentrations
In order to determine the suitable range of protein and salt concentrations for thickening, we determined the gel point to avoid gelation. Figure 1 shows the gel points upon thermal treatment of protein solutions. The thermal treatment involved heating at 80
• C for 1 h then cooling to 6
• C for 24 h. Gelation occurs when protein molecules polymerize and/or aggregate to form three dimensional networks. Protein structural changes, polymerization, and aggregation have been discussed extensively in the literature. [12, 18, [22] [23] [24] Polymerization and aggregation of whey proteins involve two steps: (1) denaturation, which involves partial-or complete-unfolding of proteins; and (2) association of molecules to form large aggregates. [25] As shown in Fig. 1 , at constant salt concentration, gelation at pH 7 occurred at concentrations lower than at pH 3. At pH 3, thermal treatment induces no disulphide bonds between β-LG molecules, [26] causing gelation to occur only by physical interactions. However, the presence of disulphide bonds at pH 7 induces gelation at lower protein concentrations due to the presence of both physical interactions and chemical bonds. In addition, it has been observed that below a certain protein concentration at pH 3, thermal treatment does not lead to gelation. Instead, it leads to phase separation of the solution into large aggregate flocs and clear solution. Phase separation was not observed at pH 7 at any concentration. Phase separation at pH 3 at lower protein concentrations is believed to stem from the absence of chemical bonds, which appears to be essential in constructing the gel network at low protein concentrations.
Rotational Viscosity of Heated Whey Protein Solutions
Viscosity was measured at different speeds. Shear rate was evaluated using Newtonian approximation, which is frequently used in commercial viscometers to approximate the shear rate in the form of average shear rate. [27] Since almost all thickeners are pseudoplastic (shear thinning) fluids, it is important to choose the suitable shear rate to evaluate the thickening properties. Shear rate in the mouth ranges from 0.1 to 1000 s −1 depending on the viscosity of the food. [28] The higher the viscosity, the lower the shear rate associated with oral evaluation of viscosity. [28] At viscosities from 1000 to 10,000 cP, the bound shear rate for oral evaluation ranges from ∼1 to ∼10 s −1 . Contour maps of viscosity at pH 7 and pH 3 were constructed representing and predicting the values of viscosity of thermally treated whey protein solutions as a function of protein concentration and salt concentration, as shown in Figs. 2 and 3 . Contour maps were constructed using Sigma Plot software (version 11). We can deduce from Figs. 2 and 3 that the values of viscosity of thermally treated dispersions at pH 7 are considerably higher than pH 3 ones. The higher viscosity values at pH 7 can be attributed to the presence of disulphide bonds at pH 7, while at pH 3, disulphide bonds are absent and the thickening properties are solely due to physical interactions.
Figures 4 and 5 show the effect of NaCl concentration on viscosity at different protein concentrations. At pH 7, the viscosity increases continuously with NaCl concentration over the whole protein concentration range. However, at pH 3, below a certain protein concentration, the viscosity of protein solutions exhibits a maximum. This phenomenon can be explained in the light of phase separation that occurs at pH 3 below certain protein concentration (∼4% by wt.), as discussed above. The non-gelling behavior accompanied with phase separation at pH 3 below ∼4% causes a decrease in the viscosity, after passing through a maximum value of viscosity as the solutions separate into clear liquid and precipitated protein flocs.
Comparison with Food Thickeners
Viscosity values obtained in this work were compared with the viscosity values of common thickeners reported in the literature. Table 1 shows typical viscosity values of food thickeners. The values in Table 1 suggest that the obtained viscosity range of whey protein solutions is very similar to that of the widely used food thickeners in literature. The viscosity spectrum was also compared with the widely known Milkshake ® products served by McDonalds ® restaurants as well as the widely used Egyptian traditional drink of Orchidaceae. Figure 6 clearly shows that the viscosity patterns of the whey solutions are very similar to the Milkshake ® and Orchidaceae drinks. This behavior suggests that the whey protein solutions simulate the texture of thickened drinks. Figure 6 also shows that the viscosity at very low shear rate reaches higher values, approaching 100,000 cP, which suggests a strong shear thinning behavior. The viscosity values at pH 7 were higher than at pH 3. 
Role of Hydrogen Bonding
Hydrogen bonds play an important role in hydrocolloids properties in solutions. [29] Although they are much weaker than covalent bonds, the population of hydrogen bonds, especially in polar solvents, may affect the protein solution viscosity to a considerable extent. To assess the role of hydrogen bonds in the thermally-induced protein polymers, we used urea to dissociate the hydrogen bonds. Urea is known as a hydrogen-bond-breaking reagent. Figures 7 and 8 show the effect of urea on solution viscosity at pH 7 and pH 3, respectively. Figure 7 shows that hydrogen bonds play a minor role in the thickening effect of polymerized whey protein solutions at pH 7. However, at pH 3 ( Fig. 8) , viscosity drops dramatically upon addition of urea. This confirms that hydrogen bonding in whey protein solutions at pH 3 is a major mechanism for the thickening properties, which agrees with the fact that at pH 3, no disulphide bonds are created upon thermal treatment.
Intrinsic Viscosity
Dilute solution viscometry is another valuable tool that can be used to probe the molecular properties of the thickening agent. [14] One of the most salient features of macromolecules is the intense increment in viscosity that they produce when, even in minute amounts, they are dissolved in ordinary solvents. The viscosity intensifying effect, characterized by the intrinsic viscosity, [η] , is extensively used for analysis or characterization of synthetic polymers, [30] biological macromolecules, nanoparticles, and colloids. Intrinsic viscosity [η] , provides information about fundamental properties of the solute and its interaction with the solvent. It can also be precisely related to the conformation of flexible (linear and non-linear) chains, wormlike macromolecules and micelles, and rigid particles of arbitrary shape. The intrinsic viscosity is defined as:
where [η], η sp , η r , and c are the intrinsic viscosity, specific viscosity, relative viscosity and concentration, respectively. A classical procedure for its determination, based on Eq. (1), consists of the determination of viscosity of solutions at various concentrations, followed by extrapolation of
to zero concentration. In a range of moderate concentrations, the dependence is linear and can be written as the Huggins equation:
where k H is the (dimensionless) Huggins constant. Thus, the intrinsic viscosity [η] can be obtained as the intercept in a linear least-squares fit. Intrinsic viscosity is measured for very dilute solutions, and thus it gives an idea of the polymer's molecular size and shape per unit volume, excluding the effect of hydrogen bonding, which is weakened due to excessive dilution. The intrinsic viscosity of whey protein polymers in the current work reached up to ∼0.6 dl/g (Figs. 9 and 10, Table 2 ). Values of ∼0.05 dl/g were reported for native whey proteins. [31] Thus, polymerized whey proteins show an ∼10-fold increase in the intrinsic viscosity as compared with the native whey proteins. The values of the intrinsic viscosity are in accordance with previously-published intrinsic viscosity data for whey protein polymers. [32] According to Imeson, [33] Guar solutions have an intrinsic viscosity range of 0.7-15 dl/g. Montana polysaccharides [34] declared Levan to be one of the most efficient thickeners with intrinsic viscosity of 0.14 dl/g. Another type of thickener, Carboxymethyl cellulose, when dissolved in water, exhibits values of intrinsic viscosity of 0.32 dl/g. [35] Table 3 shows the values of intrinsic viscosity for different food thickeners. Such values of intrinsic viscosity are close to the values obtained in this work, and thus suggest that whey protein can be a viable food thickener. 
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Figure 9 Intrinsic viscosity (dl/g) of heated whey protein solutions at pH 3 at different NaCl concentrations. Viscosity is measured at 30 • C.
Figure 10 Intrinsic viscosity (dl/g) of heated whey protein solutions at pH 7 at different NaCl concentrations. Viscosity is measured at 30 • C. Huggins constant and chain conformation. Huggins constant provides useful information in predicting the conformation of the polymeric systems. An extensive literature compilation of k H values for a variety of systems was found in the polymer handbook. [36] Flexible polymer chains possess k H values in the range 0.2-0.8; most frequently about 0.3 in good solvents. [37] For rod-like particles, experimental data for wellcharacterized, non-associating rod-like macromolecules and particles yield values in the range of k H ≈ 0.4-0.7. Since this range is similar to the range expected from fully flexible chains, one expects and the experiment confirms that wormlike chains should have such k H range from the coil limit to the rod limit. [37] From results presented in Table 4 , we can deduce that the samples of salt concentration less than ∼30 mM contain protein in flexible-chain conformations when comparing their k H values with those in the literature. [38] On the other hand, samples of higher salt concentration exhibit very large values of k H , which indicate the condition for aggregating molecules. [36] This can be attributed to the high salt content that leads to screening of electrostatic repulsion, yielding collapsed, aggregated molecules.
Molecular weight profile by electrophoresis. Four samples, in addition to molecular weight market were analyzed by SDS-PAGE electrophoresis as follows:
r Lane 1: Molecular weight marker; r Lane 2: 7.5%, 20 mM NaCl, pH 7 (sample 1); 582 EISSA ET AL.
r Lane 3: 6.5%, 50 mM NaCl, pH 7 (sample 2); r Lane 4: 8%, 60 mM NaCl, pH 3 (sample 3); r Lane 5: 7%, 72 mM NaCl, pH 3 (sample 4).
The experiment was undergone twice, once without β-mercaptomethanol (non-reducing conditions), and the other run was done by adding β-mercaptoethanol (reducing conditions), which dissociates the disulfide bonds.
Analysis of Electrophoresis Gel under Non-Reducing Conditions
The addition of SDS breaks the hydrophobic associations due to its surface activity and ability to attach to both hydrophilic and hydrophobic residues. Figure 11 shows a high molecular weight shoulder at the most left of the graph at pH 7 (samples 1 and 2), indicative to the very top of the gel. Such profile indicates a molecular weight ∼ ≥1 million kDa. [18] However, we see the samples at pH 3 (samples 3 and 4) exhibiting a wide distribution of molecular weight, noticeably lower than samples at pH 7. The absence of disulfide bonds at pH 3 has been reported in the literature. [39] However, it is apparent from lanes 4 and 5 that aggregation still exists despite using SDS. Such aggregation at pH 3 can be explained by two ways: (1) either that the amount of SDS added was not enough to dissociate the whole sample and break all its hydrophobic bonds, and thus some high molecular weight protein were left aggregated; or (2) hydrophobic interactions in the samples formed compact micelles and secondary structures in the micelle cores. Whereas nonpolar side chains are driven into the interior of the protein, most polar side chains remain in contact with water on the surface of the protein. The sections of the polar backbone that are forced into the interior of the protein neutralize their polarity by hydrogen bonding to each other, often generating secondary structures. Studies of folding pathways indicate that hydrophobic collapse and formation of secondary structures occur simultaneously. [39] Aggregation of the hydrophobic chains in the protein interior giving rise to the formation of a compact globule or a micelle, could have happened upon heat treatment of the samples in the first place, and remained stable throughout, even after addition of SDS. This means that the protein micelles interacted with their outer surface keeping the interior partially protected. If such a theory stands, it surely would affect the overall protein dissociation upon the addition of SDS, and would cause high molecular weight aggregates.
Analysis of Electrophoresis Gel under Reducing Conditions
Adding β-mercaptoethanol breaks the accessible disulphide bonds in protein samples. Figure 12 shows SDS-PAGE chromatograms of the four protein samples described earlier. We clearly see the curves of samples at pH 7 (samples 1 and 2) to be monomers, dimmers, and oligomers of β-LG and β-lactalbumin, indicative of cleavage of most of disulfide bonds that were responsible for the high molecular weight band at the top of the gel (left most of the curve) under non reducing conditions (Fig. 11 ). Samples at pH 3 (samples 3 and 4) appear similar to samples 1 and 2, indicating that the cleavage of intramolecular disulfide bonds has eased the access of SDS to hydrophobic associations in the micelles that were responsible for high molecular weights shown by chromatograms of samples 3 and 4 in Fig. 11 . 
Top of the Gel
Bottom of the Gel Figure 11 Chromatograms of SDS-PAGE for five samples: M.Wt. marker; Sample 1: 7.5%, 20 mM NaCl, pH 7; Sample 2: 6.5%, 50 mM NaCl, pH 7; Sample 3: 8%, 60 mM NaCl, pH 3; Sample 4: 7%, 72 mM NaCl, pH 3. (Color figure available online.)
CONCLUSIONS
A simple methodology of heat treatment of whey protein isolate solutions led to the formation of high molecular polymers capable of introducing thickening properties in food or pharmaceutical products. The presence of chemical (disulphide) bonds in heated protein solutions at pH 7 resulted in higher viscosity as compared with pH 3, where disulphide bonds are absent. Viscosity contours at pH 3 and pH 7 were constructed to show the viscosity at different protein and salt concentrations. The higher the protein concentration, the lower the salt concentration needed to reach the required thickening properties. Phase separation occurred at lower protein concentrations at pH 3, presumably due to the absence of disulphide bonds. Comparison with some available thickened food products was held to show that protein solutions have similar values of the viscosity. The work demonstrated potential use of whey proteins as a thickener in a wide variety of food products. The intrinsic 
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Bottom of the Gel Figure 12 Chromatograms of SDS-PAGE under reducing conditions (with β-mercaptoethanol) for five samples: M.Wt. marker; Sample 1: 7.5%, 20 mM NaCl, pH 7; Sample 2: 6.5%, 50 mM NaCl, pH 7; Sample 3: 8%, 60 mM NaCl, pH 3; Sample 4: 7%, 72 mM NaCl, pH 3. (Color figure available online.) viscosity measurements showed that the whey protein polymers tend to exhibit a flexible chain conformation at lower ionic strength; while at high ionic strength, the protein molecules exhibit a collapsed and aggregated structure. By comparing the k H values with that of other substances, they fell very near to the range of the polysaccharide-based thickeners. Electrophoresis results indicated a possible micelle configuration for heated whey proteins at pH 3, possibly aided by intramolecular disulphide bonds.
